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Introduction
Reactive oxygen species (ROS) are usually known as cytotoxic, mutagenic and linked to tumor progression. Reactive oxygen species are well-known mediators of various biological responses. Recently, new homologs of the catalytic subunit of NADPH oxidase have been discovered in non-phagocytic cells. These new homologs (Nox1-Nox5) produce low levels of superoxides compared to the phagocytic homolog Nox2/gp91phox (Sadok et al., 2008) . Most anticancer drugs kill their target cells, at least in part, through the generation of elevated amounts of intracellular reactive oxygen species (Benhar et al., 2001; Jackson and Loeb, 2001; Tobiume et al., 2001) . Redox homeostasis of the cell is greatly dependent on prooxidant and antioxidant enzymes. Reactive oxygen species, such as superoxide anions (O 2 − ) and hydrogen peroxide (H 2 O 2 ) are produced by mitochondria, peroxisome, cytochrome P-450 and NADPH oxidase (D'Autreaux and Toledano, 2007) and have been shown to play a role in proliferation, apoptosis, differentiation and migration (Abid et al., 2000; Finkel, 1999) . The acquisition of cell motility and the capacity to invade basement membranes and adjacent tissues plays a central role in the complex multistep process of metastasis. Cell migration results in dynamic interactions between the cell, the extracellular matrix (ECM) and the cytoskeleton. These interactions are partly mediated by integrins, a family of cell surface adhesion receptors composed by the non covalent association of α and β subunits (Humphries, 2000) . Integrins connect the ECM proteins outside to the actin cytoskeleton within the cell, allowing the traction required for cell migration (Geiger et al., 2001; Small et al., 1999) . In addition to regulating cell adhesion, integrins relay molecular cues regarding the cellular environment that influence cell shape, survival, proliferation and gene transcription. Integrins therefore play a pivotal role during tumor progression (Hood and Cheresh, 2002; Parise et al., 2000) . Currently, the search for biological antitumor agents from plants has revealed many molecules that block the growth, progression, and spread of cancer. As cancer treatments generally being preventive rather than curative (Lemjabbar-Alaoui et al., 2015) , we Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ejphar looked for molecules that could intervene to prevent the spread of a tumorigenisation process already started by inhibiting or reducing the adhesion and migration of cancer cells as they are two early stages participating in the spread of a tumor. The present study shows, for the first time to our knowledge, that caffeic, coumaric and ferulic acids are potent inhibitors of superoxide anion and act by influencing the adhesion and migration of human lung (A549) and colon (HT29-D4) cancer cell lines, two preliminary steps to the tumor spread, as colorectal and lung cancers were the most common causes of cancer death in Europe for more than 50% of all cancer incidence and mortality (Znaor et al., 2013) .
Materials and methods

Chemicals and reagents
The phenolic acids, caffeic, ferulic and p-coumaric acids were purchased from Extrasynthèse (Genay, France) unless otherwise noted and were of the highest available purity. All phenolic acids were dissolved in DMSO first and then diluted with buffer (1:199, v/v).
Dulbecco's modified Eagle's medium (DMEM) and RPMI 1640 medium were purchased from Lonza (Levallois-Perret, France). Penicillin and streptomycin were purchased from GIBCO (Cergy-Pontoise, France). Fetal bovine serum (FBS), trypsin-EDTA, L-glutamine, and sodium pyruvate were obtained from Gibco-BRL (Invitrogen, Scotland-UK). Lucigenin, methylthiazolyldiphenyl-tetrazolium bromide (MTT), poly-L-lysine, mouse laminin-1 and rat type I and VI collagens were obtained from Sigma-Aldrich (St Quentin Fallavier, France). Human fibronectin was from Millipore (St Quentin en Yvelines, France). Human vitronectin was purified according to Yatogho et al. (1988) .
Tumors cell lines and culture conditions
Human lung A549 and human colon adenocarcinoma HT29-D4 cells were cultured in RPMI 1640 medium and DMEM, respectively. Media were supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% sodium pyruvate and cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 .
Cell proliferation assay
Cell viability was assessed by MTT assay after 24 h incubation. 5000 cells, from exponential cultures, were incubated for 24 h with increasing concentrations of caffeic, coumaric and ferulic acids in a 96-well plate (Costar, Corning Inc., NY) in a final volume of 200 ml. Cells were exposed to 0.5 mg/mL of MTT for 3 h at 37°C in the appropriate complete medium. After washing with phosphate-buffered saline (PBS), the insoluble formazan crystals were solubilized with 100 ml DMSO and the absorbance was measured at 540 nm. Each condition was performed in triplicate.
Measurement of reactive oxygen species
ROS generation was measured by lucigenin chemiluminescence detecting superoxide ions (Moongkarndi et al., 2004) . After 30 min incubation with different compounds in 96 well plates (50 Â 10 3 cell/well), cells were loaded with 5 mM lucigenin-NADPH. Luminescence (490 nm for excitation and 538 nm for emission) was detected by a Fluoroscan Ascent FL fluorimeter (Labsystems, France). Results represent the integration of the signal assessed each minute for 45 min of measurement. All measurements were performed at 37°C and results are expressed as total reactive oxygen species measurements which represent the difference of reactive oxygen species production measured in untreated control. 24 h after seeding, cells were serum-starved for 48 h, trypsinized and seeded in 96 well plates at a density of 50,000 cells per well in the appropriate complete media. Cells were incubated 30 min with vehicle (0.1% DMSO) and tested molecules or the following regulators: NADPH oxidase inhibitor diphenylene iodonium (DPI) (10 μM), cyclooxygenase (Cox) inhibitor indomethacin (10 μM), cytochrome p450 inhibitor aminobenzotriazol (1 mM), mitochondrial inhibitor rotenone (2 mM) and xanthine oxidase inhibitor allopuranol (1 mM). Results are expressed as total reactive oxygen species measurements. Results represent the percentage variation relative to untreated control.
Cell adhesion assay
Adhesion assays were performed as previously described (Irani et al., 1997) . Briefly, flat bottom 96-well microtiter plates were coated with one of the following purified extracellular matrix (ECM) proteins: fibronectin, vitronectin, laminin 1, collagen types I and IV at 10 μg/ml or poly-L-lysine at 50 mg/ml and then were blocked with BSA. Cells were harvested and resuspended in DMEM, containing 0.2% BSA and Hepes 10 mM pH 7.3 (adhesion buffer) in the presence or absence of the tested molecules. After incubation for 30 min at room temperature, cells were added to coated wells in a volume of 50 μl (10 6 cells/ml) and allowed to adhere to the substrate for 1 h (A549 cells) or 2 h (HT29-D4 cells) at 37°C. Unattached cells were removed by gently washing three times with adhesion buffer. Residual attached cells were fixed by 1% glutaraldehyde, stained by 0.1% crystal violet and lysed with 1% SDS. Absorbance was then measured at 600 nm by a microplate reader.
2.6. Wound healing assay A549 cells migration was assayed as described previously (Bazaa et al., 2009) . Confluent cells in 35-mm-diameter dishes were damaged by scraping the monolayer with a sterile pipette tip (500 mm in diameter). The cultures were washed twice with PBS to remove cellular debris and vehicle control and various concentrations of molecules were added to the respective wells. Wounds were photographed before and after 24 h in the presence of compounds using an Olympus inverted microscope. The migration was quantified by calculating the surface of recovery.
Statistical analysis
Results are expressed as means 7S.D. from at least three independent experiments. Statistical analysis was performed using unpaired Student's test. The value of Po 0.05 was considered statistically significant.
Results
Phenolic acids affect cell viability
We first evaluated the cytotoxicity of caffeic, coumaric and ferulic acids (50-1000 mM) after 24 h of incubation on different cancer cell lines (A549 and HT29-D4) using MTT assay. As illustrated in Fig. 1 , the three phenolic acids significantly inhibited the proliferation of both A549 and HT29-D4 cells in a concentrationdependent manner.
Phenolic acids decrease superoxide production
Dysregulated reactive oxygen species level plays a critical role in cancer development. Excessive elevated ROS level confers cancer cells a susceptibility to stress-induced cell death and proliferation arrest (Park et al., 2011; Sato et al., 2014; Taboubi et al., 2007) . We thus evaluated the effect of phenolic acids on ROS production by cancer cell lines. As shown in Fig. 2 , pretreatment of A549 and HT29-D4 cells with caffeic, coumaric and ferulic acids at 50, 100 or 200 mM during 30 min, diminished the level of reactive oxygen species in a dose-dependent manner in comparison with the untreated cells. Superoxide anion production decreased by 92% and 77% at the highest tested concentration (200 mM) of caffeic acid in A549 and HT29-D4 cell lines respectively (Fig. 2) .
Phenolic acids affect adhesion of A549 and HT29-D4 cells
In order to investigate these phenolic acids effect on the behavior of human cell lung cancer A549 and HT29-D4 colon adenocarcinoma cells, we first performed cell adhesion assays using a large array of purified ECM proteins.
As illustrated in Figs. 3 and 4 , caffeic, coumaric and ferulic acids readily impaired attachment of both A549 and HT29-D4 cells to type I collagen in a dose-dependent manner. Cell adhesion was reduced by 77.9% and 79.8% respectively at the higher tested concentration of ferulic acid (200 mM). This effect was also observed with the other phenolic acids and when using type IV collagen, fibronectin and vitronectin as a matrix (Figs. 3 and 4) . On the contrary, only a reduced effect was observed on poly-L-lysine for both A549 and HT29-D4.
Phenolic acids inhibit tumor cell migration
The migration of tumor cell lines was observed using a denudation injury model in confluent cell cultures. Scrape damaged A549 monolayers were incubated in the absence or in the presence of caffeic, coumaric or ferulic acids (50, 100 and 200 mM) for 24 h. Control cells entirely covered the wounded area after 24 h of incubation at 37°C. On the contrary, treatment with phenolic acids strongly reduced wound repair (Fig. 5a ). This inhibition of A549 cells migration was dose-dependent ( Fig. 5a and b) . At the highest concentration tested (200 mM), the covered surface was 7.7%, 9.5% and 35% for caffeic, coumaric or ferulic acids, respectively. 
Discussion
It is well known that many compounds from natural plants have chemopreventive and chemotherapeutic efficacy in human cancers (Eggler et al., 2008; Shen et al., 2014; Surh, 2003) . The discovery of phytomedicinal plants as well as elucidation of their underlying mechanisms in anticancer activity is important. Caffeic, coumaric and ferulic acids, the major representative of phenolic acids, are present in many natural plants (Pan and Ho, 2008) , and they have been shown to suppress tumor growth through inhibition of tumor cell proliferation and enhanced antioxidant activity (Bufalo et al., 2013) .
Proliferation of human lung (A549) and colon (HT29-D4) cancer cells was significantly inhibited by the tested phenolic acids, in a dose-dependent manner, over a concentration range of 50-1000 mM. Maximum growth inhibition was obtained on the third day of treatment at the highest tested concentration. Such inhibitory effect has previously been observed with caffeic, coumaric and ferulic acids toward several cell lines (Berdowska et al., 2013; Bufalo et al., 2013; Damasceno et al., 2013) . These inhibitory effects are likely to be mediated by the suppression of DNA synthesis, because these phenolic acids inhibited growth medium stimulated DNA synthesis in MCF-7 (Berdowska et al., 2013) .
MAP kinase signaling plays a crucial role in the regulation of angiogenesis, e.g. stimulation of endothelial cell proliferation, migration , tube formation (Klemke et al., 1997) and expression of matrix metalloproteinase-9 (Maru et al., 1998) . Bufalo et al. (2013) found that both bFGF-induced and VEGF-induced activation of ERK were blocked by these phenolic acids in endothelial cells (PBMC). The concentrations needed for inhibition of ERKs were similar to those for inhibiting endothelial cell proliferation, migration, and tube formation. Therefore, it is thus possible that the inhibition of proliferation by phenolic acids we observed in this study might be due, at least in part, to blockade of the ERK signaling pathway. However, caffeic, coumaric and ferulic acids did not affect these parameters in Raw 264.7 cells, suggesting that sensitivity of phenolic acids to ERK signaling could depend on cell type (Bufalo et al., 2013) . However, we could not exclude the possibility that caffeic, coumaric and ferulic acids indirectly affect ERK signaling through an interaction with some protein kinases and/or phosphatases. Further investigations are required to determine the way of action of these compounds and to reveal the precise mechanism by which they inhibit cell proliferation.
Usually, high level of reactive oxygen species exists in tumor cells. Moreover, some tumor cells can even automatically produce reactive oxygen species, such as human colon adenocarcinoma HT29 cells and human melanoma HCT15 cells (Gum et al., 1997; Szatrowski and Nathan, 1991) . In the present study, we confirmed the efficacy of these tested phenolic acids (50-200 mM) in scavenging reactive oxygen species produced in A549 and HT29-D4 cells, in a concentration dependent manner, as well as their ability to scavenge DPPH and O 2 − radicals (Gupta et al., 1999) . In fact, when belonging to a concentration range, free radicals can act as cell signaling messengers by inducing signaling pathways involved in cell death without been itself directly involved in cancer cell death. A moderate increase in reactive oxygen species can promote cell proliferation and differentiation, whereas excessive amounts of ROS can cause oxidative damages. Therefore, Fig. 3 . Caffeic, coumaric and ferulic acids inhibit cell adhesion. A549 cells were seeded at 10 6 cells/ml and preincubated with various concentrations of phenolic acids (50, 100, 150 and 200 mM) for 30 min at room temperature. Cells were then added to 96-well microtiter plates coated with fibronectin (10 μg/ml), vitronectin (10 μg/ml), laminin 1 (10 μg/ml), collagen type I and IV (10 μg/ml), poly-L-lysine (10 mg/ml) and allowed to adhere for 1 h at 37°C. After washing, adherent cells were stained with crystal violet, solubilized by SDS and absorbance was measured at 600 nm. Expressed as a percentage of adhesion. * Indicates statistically significant results compared to control (Po 0.001).
maintaining reactive oxygen species homeostasis is crucial for normal cell growth and survival. So, phenolic acids may help protect cells against the oxidative damage caused by free radicals.
Cell adhesion is a critical process in many biological phenomena such as development, tissue structure maintenance, angiogenesis, and tumor metastasis. The absence of appropriate ECM Fig. 4 . Caffeic, coumaric and ferulic acids inhibit cell adhesion. Attachment of HT29-D4 cells to extracellular matrix proteins was measured as described in Fig. 3 except that cells were allowed to adhere for 2 h at 37°C. Expressed as a percentage of adhesion. * Indicates statistically significant results compared to control (Po 0.001). contacts, mainly mediated by integrins, should undergo programmed cell death (Terpinc and Abramovič, 2010) . Therefore, the characterization of new anti-integrin agents is of considerable utility for the development of therapies (Haubner et al., 2005) .
In the present study we demonstrated that the phenolic acids affect adhesion of A549 and HT29-D4 cells.
Integrins are heterodimeric cell surface receptors composed of non-covalently associated transmembrane glycoproteins that connect adhesive proteins of the ECM to the cytoskeleton (Cominetti et al., 2004) . αv integrins represent an important group of adhesion molecules involved in the migration and invasion of tumor cells and in angiogenesis.
Cell migration requires the formation of new attachments at the leading edge and the release of attachments at trailing edge of the cell (Berrier and Yamada, 2007; Hood and Cheresh, 2002) . Although the detailed mechanisms are not yet understood, it is clear that dynamic and reciprocal interactions between cell adhesion molecules, ECM and soluble factors are essential (Holly et al., 2000) .
The inhibitory effect of caffeic, coumaric and ferulic acids on cell migration is likely due to the reduced attachment to ECM proteins observed in the presence of these phenolic acids. Similar effect was observed with glabridin against A549 cells (Tsai et al., 2011) .
Our study showed that phenolic acids improve their anti-cancer activity by reducing proliferation, adhesion, migration on human lung (A549) and colon (HT29-D4) cancer cell lines. In the light of our study, caffeic, coumaric and ferulic acids appear to be very promising as potential anti-metastasic agents in vitro. Further works are necessary to explore the molecular mechanisms correlated with cellular signaling pathways. These findings reveal novel pharmacological effects for caffeic, coumaric and ferulic acids.
Conclusion
To summarize, we provide evidence that caffeic, coumaric and ferulic acids are potentially useful antioxidant agents in the treatment of human lung carcinoma and colon adenocarcinoma, suggesting that these compounds should participate to the development of therapeutic drugs for cancer diseases.
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